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Description 

BACKGROUND OF THE INVENTION 
1 . Field of the invention 
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2. Description of the Related Art 
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As results, the inventors found novel ceramic composite materials consisting of a-AI 2 0 3 and YAG, constituting sin- 
gle crystal/single crystal phases, single crystal/polycrystal phases, and polycrystal/polycrystal phases (see Japanese 
Unexamined Patent Publication (Kokai) Nos. 07-149,597 and 07-187893 and Japanese Patent Application No. 06- 
240790). 

5 

SUMMARY OF THE INVENTION 

The object of the present invention is to provide, following the above ceramic composite materials consisting of <x- 
Al 2 0 3 and YAG phases, novel ceramic composites of solidified bodies consisting of at least two crystal phases of oxides 
w selected from metal oxides and complex metal oxides, i.e., metal oxide/metal oxide, metal oxide/complex metal oxide, 
or complex metal oxide/complex metal oxide, which have excellent mechanical properties and creep resistances at from 
room temperature to a high temperature and particularly, remarkably enhanced properties at high temperatures. 

Thus, in accordance with the present invention, there is provided a ceramic composite of a solidified body consist- 
ing of at least two crystal phases of oxides selected from the group consisting of metal oxides and complex metal 
15 oxides, except that said at>least two oxides are not the combination of aluminum oxide (Al 2 0 3 ) and a complex oxide 
(YAG) of aluminum oxide (Al 2 0 3 ) and yttrium oxide (Y 2 0 3 ). 

Exemplified metal oxides include Al 2 0 3 , MgO, Si0 2 , Ti0 2 , Zr0 2 , CaO, BaO, BeO, FeO, Fe 2 0 3 , MnO, CoO, Nb 2 0 3 , 
Ta 2 0 3 , Cr 2 0 3 , SrO, ZnO, NiO, Li 2 0 3 , Ga 2 0 3( Hf0 2 , Th0 2 , U0 2 and Sn0 2 . 

Exemplified rare earth element oxides include La 2 0 3 , Y 2 0 3 , Ce0 2 , P^Oi lP Nd 2 0 3 , Sm 2 0 3f Eu 2 0 3 , Gd 2 0 3 . Tb 4 Oy, 
20 Dy 2 0 3 , Ho 2 0 3 , Er 2 0 3 , Tm 2 0 3 , Yb 2 0 3 and Lu 2 0 3 . 

A complex metal oxide, also called as compound oxide or sometimes double oxide, means an oxide of two or more 
metal elements. 

Exemplified complex metal oxides include 3AI 2 0 3 • 2Si0 2 , MgO • Al 2 0 3 , Al 2 0 3 • Ti0 2 , BaO • Al 2 0 3 , BaO • 6AI 2 0 3 , 
BeO-AI 2 0 3 , BeO-3AI 2 0 3 , 3BeO-AI 2 0 3 , CaO-Ti0 2 , CaO*Nb 2 0 3 , CaO*Zr0 2 , 2CoO-Ti0 2 . FeAI0 4 , MnAI0 4 . 
25 2MgO • Y 2 0 3 . 2MgO • Si0 2 , MgCr 2 0 4 , MgO • TiO a , MgO • Ta 2 O s , MnO • Ti0 2 , 2MnO • Ti0 2 , 3SrO • Al 2 0 3 , SrO • Al 2 0 3 , 
SrO • 2AI 2 0 3 , SrO • 6AI 2 0 3 , SrO • Ti0 3 , 3Y 2 0 3 • 5AI 2 0 3 , 2Y 2 0 3 • Al 2 0 3 , 2MgO • Al 2 0 3 • Si0 2r LaAI0 3 . CeAI0 3 , PrAI0 3 . 
NdAI0 3 . SmAI0 3 . EnAI0 3 , GdAI0 3 , DyAI0 3 , Yb 4 AI 2 0 9 and Er 3 AI 5 0 12 . 

Exemplified complex metal oxides of Al 2 0 3 and rare earth element or metal include 11AI 2 0 3 *La 2 0 3 . 
11AI 2 0 3 -Nd 2 0 3 , 11AI 2 0 3 *Pr 2 0 3 , EuAln0 18 , 2Gd 2 0 3 • Al 2 0 3 , Sm 2 0 3 • 11 Al 2 0 3 , Yb 3 AI 5 0 12 , CeAI0 3 , CeAlnds. 
30 Er 3 AI 5 0 12 and Er 14 AI 2 0 9 . 

The oxide of each crystal phase may be any of a single oxide such as Al 2 0 3 , a complex oxide such as MgO • Al 2 0 3 , 
or a solid solution oxide. The solid solution oxide means an oxide consisting of a primary oxide to which an additional 
oxide is solid solved. 

The term "solidified body" means that the body is obtained by molting the powders or materials of at least two 
35 oxides followed by cooling the molten material to allow solidification "solidified" is sometimes also called "melted" or 
"fused" as, for example, in "melted alumina" or "fused alumina". The solidified body is clearly distinguished from a sin- 
tered body. 

The ceramic composite of the present invention can have a uniform structure which does not include colonies and 
voids by controlling the conditions of manufacture. The ceramic composite of the present invention does not include any 
40 of the grain boundary phases which are generally present in sintered ceramic bodies and are constituted by a material 
having a composition different from each of the compositions of the crystal grains, for example, a sintering agent or a 
reaction product or mixture thereof. 

It is also possible to produce a ceramic composite constituted by a combination of the crystal phases of single crys- 
tal/single crystal, single crystal/polycrystal, or polycrystal/polycrystal of a combination of metal oxide-metal oxide, metal 
45 oxide-complex metal oxide, or complex metal oxide-complex metal oxide, by controlling the conditions of manufacture. 

The single crystal means that only a diffraction peak derived from a specific crystal plane is observed in an X-ray 
diffraction of a ceramic composite. This means that the ceramic composite includes only one single crystal or a plurality 
of single crystals which are aligned in the same crystallographic orientation, most typically a three dimensionally con- 
tinuous single crystal. 

so Further, each phase of the single crystal and polycrystal phases can have a three dimensionally continuous struc- 
ture and these three dimensionally continuous phases are typically intertmingled with each other. 

Alternatively, in the ceramic composite of the invention, the only polycrystal phase may be a three dimentionally 
continuous phase in which a plurality of single crystals may be dispersed in the form of f foers or particles. 

It is also possible to add an additional oxide to the constituent oxides to be dissolved or precipitated in at least one 
55 of the constituent oxides of the ceramic composite or to present at boundaries of the phases, by which the mechanical 
or thermal properties of the ceramic composite is varied. 

The sizes of phases may be controlled by selecting the solidification conditions but is typically 1 to 50 urn. Here, the 
size of a phase means a dimension of the phase which is observed in a section of a ceramic composite. Most typically, 
the sectional view takes a sea-island structure (e.g. Fig. 1). 
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Alternatively, the Edge-defined Film-fed Growth method in which a guide is placed in a melt pool to cause capillary 
action and the guide is drawn, and the Laser Heated Float Zone (LHF) method in which a rod previously prepared by 
sintering is irradiated with a beam such as a laser beam to zone melting and unidirectional solidification, may be 
adopted. 

5 Formation of the ceramic composite in the form of powder may be conducted by a method in which a melted mate- 

rial is dropped through fine pores formed at the bottom of a crucible into a furnace having a graduation of temperature 
so as to solidify the same. 

The surface coating may be conducted by immersing a member to be coated into a melt pool, unidirectionally solid- 
ifying the melt while immersing the member therein, and removing the crucible which held the melt by post-machining 
w or processing. 

BRIEF DESCRIPTION OF THE DRAWINGS 

Fig. 1 is a scanning electron microphotograph showing a ceramic composite obtained in Example 1 ; 
is Fig. 2 is a scanning electron microphotograph showing a ceramic composite obtained in Example 2; 

Figs. 3 and 4 are scanning electron microphotographs showing a ceramic composite obtained in Example 3; 

Fig. 5 is a scanning electron microphotograph showing a ceramic composite obtained in Comparative Example 1; 

Fig. 6 is a scanning electron microphotograph showing a ceramic composite obtained in Example 4; 

Fig. 7 is a scanning electron microphotograph showing a ceramic composite obtained in Example 5; 
20 Fig. 8 is a scanning electron microphotograph showing a ceramic composite obtained in Comparative Example 2; 

Figs. 9 to 16 are scanning electron microphotographs showing ceramic composites obtained in Examples 6 to 13, 

respectively; 

Fig. 1 7 is a scanning electron microphotograph showing a ceramic composite obtained in Comparative Example 3; 
Fig. 18 is a scanning electron microphotograph showing a ceramic composite obtained in Example 14; 
25 Fig. 19 is a scanning electron microphotograph showing a ceramic composite obtained in Comparative Example 4; 

Fig. 20 is a scanning electron microphotograph showing a ceramic composite obtained in Example 15; 
Fig. 21 is a scanning electron microphotograph showing a ceramic composite obtained in Comparative Example 5; 
and 

Fig. 22 is a scanning electron microphotograph showing a ceramic composite obtained in Example 16. 

30 

EXAMPLES 
Example 1 

35 a-AI 2 0 3 powder and Gd 2 0 3 powder in a molar ratio of 78.0% by mole of the former to 22.0% by mole of the latter 
were milled in a wet ball mill using ethanol. The obtained slurry was dried in a rotary evaporator to remove the ethanol. 

The obtained mixed powder of a-AI 2 0 3 and Gd 2 0 3 was charged in a molibdenum crucible in a chamber, in which 
the atmospheric pressure was maintained at 10" 5 Torr and the crucible was heated by an induction coil to 1850 to 
2000°C to melt the mixed powder in the crucible. Subsequently, unidirectional solidification was conducted by lowering 

40 the crucible, at a speed of 5 mm/hour and under the above atmospheric pressure, to obtain a unidirectionally solidified 
body. 

Fig. 1 shows scanning electron micrograph of the thus obtained solidified body in a section cut perpendicular to the 
direction of the solidification. In the photograph, the white portions are a GdAI0 3 phase and the black portions are an 
u-AI 2 0 3 phase. 

45 It was demonstrated that the ceramic composite of the solidified body does not include any colony or grain bound- 

ary phase, that pores or voids do not exist, and that a uniform structure is obtained. 

Further, in X-ray diffraction patterns of the ceramic composite obtained from the plane perpendicular to the direc- 
tion of the solidification, only a diffraction peak from a specific plane of a-AI 2 0 3 and a diffraction peak from a specific 
plane of GdA!0 3 were observed, demonstrating that the solidified body was a ceramic composite consisting of an a- 
so Al 2 0 3 single crystal phase and a GdAI0 3 single crystal phase. 

The mechanical strength of the ceramic composite is shown in Table 1 , where the three point bending strength was 
measured in air. The ceramic composite was kept at 1 750°C for 50 hours and the increase in weight was 0.003 g/cm . 
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Table 1 
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Fig. 5 shows scanning electron micrograph of the thus obtained sintered body in a section cut perpendicular to the 
direction of the pressing during sintering. In the photograph, the white portions are GdAI0 3 grains and the black por- 
tions are a-A! 2 0 3 grains. 

It was demonstrated that the sintered body was a ceramic composite comprising a-Al 2 0 3 grains and GdAI0 3 
5 grains. 

The mechanical strengths of the ceramic composites are shown in Tables 2 and 3, where the three point bending 
strengths and the compressive creep strength were measured at 1600°C in air. 
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a-AI 2 0 3 powder and Er 2 G 3 powder in a molar ratio of 81 .1% by mole of the former to 18.9% by mole of the latter 
were milled in a wet mill using ethanol. The obtained slurry was dried in a rotary evaporator to remove the ethanol. 

The obtained mixed powder of a-AI 2 0 3 and Er 2 0 3 was charged in a molibdenum crucible in a chamber, in which 
the atmospheric pressure was maintained at 10~ 5 Torr, and the crucible was heated by an induction coil to 1900 to 
2000°C to melt the mixed powder in the crucible. Subsequently, unidirectional solidification was conducted by lowering 
the crucible at a speed of 5 mm/hour, under the above atmospheric pressure, to obtain a unidirectionally solidified body. 

Fig. 6 shows scanning electron micrograph of the thus obtained solidified body in a section cut perpendicular to the 
direction of the solidification. In the photograph, the white portions are a Er 3 AI 5 0 12 phase and the black portions are an 
a-AI 2 0 3 phase. 

It was demonstrated that the ceramic composite of the solidif ied body does not include any colony or grain bound- 
ary phase, that pores or voids do not exist and that a uniform structure is obtained. 

Further, in X-ray diffraction patterns of the ceramic composite obtained from the plane perpendicular to the direc- 
tion of the solidification, only a diffraction peak from a specific plane of a-AI 2 0 3 and a diffraction peak from a specific 
plane of Er 3 AI 5 0 12 were observed, demonstrating that the solidified body was a ceramic composite consisting of an a- 
Al 2 0 3 single crystal phase and a Er 3 AI 5 0 12 single crystal phase. 

The mechanical strengths of the ceramic composite is shown in Tables 4 and 6, where the three point bending 
strength was measured at 1800°C in air and the compressive creep strength was measured at 1600°C in air with a 
strain speed of 1 0 _4 /sec. The ceramic composite was kept at 1 700°C for 50 hours and the increase in weight was 0.002 
g/cm 3 . 
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Example 5 

a-AI 2 0 3 powder and Er 2 0 3 powder in a molar ratio of 81 .1% by mole of the former to 18.9% by mole of the latter 
were milled in a wet mill using ethanol. The obtained slurry was dried in a rotary evaporator to remove the ethanol. 

The obtained mixed powder of a-AI 2 0 3 and Er 2 0 3 was charged in a molibdenum crucible in a chamber, in which 
the atmospheric pressure was maintained at 10' 5 Torr and the crucible was heated by an induction coil to 1900 to 
2000°C to melt the mixed powder in the crucible. Subsequently, unidirectional solidification was conducted by lowering 
the crucible at a speed of 50 mm/hour, under the above atmospheric pressure, to obtain a unidirectionally solidified 
body. 

Fig. 7 shows scanning electron micrograph of the thus obtained solidified body in a section cut perpendicular to the 
direction of the solidification. In the photograph, the white portions are a Er 3 AI 5 0 12 phase and the black portions are an 
a-AI 2 0 3 phase. 
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It was demonstrated that the ceramic composite of the solidified body does not include any colony or grain bound- 
ary phase, that pores or voids do not exist, and that a uniform structure is obtained. 

Further, in X-ray diffraction patterns of the ceramic composite obtained from the plane perpendicular to the direc- 
tion of the_sohd.ficat.on. only a diffraction peak from a specific plane of a-AI ? O a and diffraction oeaks from a ol.iralih, n f 
panes or tr 3 Ai 5 u 12 were observed, demonstrating that the solidified body was a ceramic composite consisting of "two 
phases of an a-AI 2 0 3 single crystal phase and a Er 3 AI 5 0 12 polycrystal phase. 

The mechanical strengths of the ceramic composite is shown in Tables 5 and 6. where the three point bending 
I e Jj"! ?^ ied !l 1800 ° C in air and the impressive creep strength was measured at 1600'C in air with a 
stein speed of 10 /sec. The ceramic composite was kept at 1 700»C for 50 hours and the increase in weight was 0.002 

Comparative Example 2 , 

a-AI 2 0 3 powder and Er 2 0 3 powder in the same molar ratio as in Example 4 were milled in a wet mill using ethanol 
The obtained slurry was dried in a rotary evaporator to remove the ethanol 

at sn^/S^ Ti**?™ 1 ™ ° f a - A ' 2 ° 3 and Er 2°3 was cha I9 ed in a 9raphite die and sintered, while being pressed 
SSiSJE «? % ' f ^ atmospheric pressure of 1 °- 2 T °" «* 2 hours to obtain a sintered body. In X ray dif- 
om TrillSJ * obteine f j^ff? *** diff ™*°n Pe^s from a plurality of planes of a-A. 2 0 3 and diffraction peaks 
from a plurality of planes of Er 3 AI 5 0 12 were observed. , 

th B I!LL S n7 S S T ninQ t eleCtr ? n ™ cro * ra P h <* the sint ered body in a section cut peipendicular to the direction of 
the pressing dunng the s.ntenng. In the photograph, the white portions are Er 3 AI 5 0 12 grains and the Wack portions are 
CX-MI2L/3 grains. ~ 

grains d6m0nStrated that the sintered ^ was a ™*™ composite comprising a-AI 2 0 3 grains and Er 3 AI 5 0 12 

«r^Z !T!f *??«™~ e ° eramiC composi,s are show " ™ Tables 5 and 6. where the three point bending 

^ZZ ^o"^. " ^ COmpressive creepin 9 vvas measured at 1600'C in air with a 
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Example 5 
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Example 6 



a-AI 2 0 3 powder and Sm 2 0 3 powder in a molar ratio of 69.0% by mole of the former to 31 .0% by mole of the latter 

Z S^Tl^ "TV* 0bta ' ned S ' Urry W3S dried in a ro,ar V evaporator «° remove T^n^ 
th e P0Wd9r ° f a " A ' 2 ° 3 3nd S s mz ° 3 W3S Char 9 ed in a m°»Menum crucible in a chamber in which 

!SES£X?7S7! ma 't ined at 10 ^ 3nd thS CrUCible W3S heated * a " ind "<*°" coi. to 1850 to 
the cnfr 1 Tt T^iT ^ Subsec « uen «K unidirectional solidification was conducted by lowering 

r 9 h^l l T /h ° Ur Under the ab ° Ve * mo -P h «* P«— • ^ obtain a unidirectionally solidified body 
HirJSn IflT ? 9 m,cro 9 raph of the thus obtained solidified body in a section cut perpendicular to the 

Xo 3 phase. S ° ,,d,f,Cat,0n - ,n *° Ph0t09raph ' the white porti °"s a SmA,0 3 phase and the Wack portion! Tare an 

arv nZS S^If* ™! CeramiC composite of tne solidif ie °" °o°V does not include any colony or grain bound- 
ary phase, that pores or voids do not exist, and that a uniform structure is obtained 

tinn ^Ull^ dif,ra f ion patterns of *e ceramic composite obtained from the plane perpendicular to the direc- 

tion of the so.-drf. cation, diffraction peaks from a p.urality of p.anes of «-A. 2 0 3 and diffraction peaks from a pluLTy of 
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planes of SmAI0 3 were observed, demonstrating that the solidified body was a ceramic composite consisting of an a- 
Al 2 0 3 polycrystal phase and a SmAI0 3 polycrystal phase in which the SmAI0 3 phase in the form of fibers is uniformly 
dispersed in the a-AI 2 0 3 phase. J 

The mechanical strengths of the ceramic composite is shown in Tables 7 and 8, where the three point bending 
5 strength was measured at 1700°C in air and the compressive creep strength was measured at 1600°C with a strain 
speed of 10" 4 /sec. The ceramic composite was kept at 1700°C for 50 hours and the increase in weight was 0.002 g/cm 3 
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Example 6 
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Example 7 

25 

a-AI 2 0 3 powder and Yb 2 0 3 powder in a molar ratio of 83.7% by mole of the former to 16.3% by mole of the latter 
were milled in a wet mill using ethanol. The obtained slurry was dried in a rotary evaporator to remove ethanol. 

The obtained mixed powder of a-AI 2 0 3 and Yd^ was charged in a molibdenum crucible in a chamber, in which 
the atmospheric pressure was maintained at 10" 5 Torr, and the crucible was heated by an induction coil to 1850 to 
30 1 950°C to melt the mixed powder in the crucible. Subsequently, unidirectional solidification was conducted by lowering 
the crucible at a speed of 5 mm/hour under the above atmospheric pressure to obtain a unidirectionally solidified body. 

Fig. 10 shows scanning electron micrograph of the thus obtained solidified body in a section cut perpendicular to 
the direction of the solidification. In the photograph, the white portions are a 3Yb 2 0 3 • 5AI 2 0 3 phase and the black por- 
tions are an a-AI 2 0 3 phase. 

35 It was demonstrated that the ceramic composite of the solidified body does not include any colony or grain bound- 
ary phase, pores or voids do not exist, and a uniform structure is obtained. 

Further, in X-ray diffraction patterns of the ceramic composite obtained from the plane perpendicular to the direc- 
tion of the solidification, only a diffraction peak from a specific plane of a-AI 2 0 3 and a diffraction peak from a specific 
plane of 3Yb 2 0 3 • 5AI 2 0 3 were observed, demonstrating that the solidified body was a ceramic composite consisting of 
ao an a-AI 2 0 3 single crystal phase and a 3Yb 2 0 3 • 5AI 2 0 3 single crystal phase. 

The mechanical strength of the ceramic composite is shown in Table 9, where the three point bending strength was 
measured at 1600°C in air. The ceramic composite was kept at 1700°C for 50 hours and the increase in weight was 
0.002 g/cm 3 . 



Table 9 





Example 7 


Three point bending strength (MPa) 


550 



50 



Example 8 

An a-AI 2 0 3 powder and an La 2 0 3 powder in a molar ratio of 77.5% by mole of the former to 22.5% by mole of the 
latter were milled in a wet mill using ethanol. The obtained slurry was dried in a rotary evaporator to remove ethanol. 

The obtained mixed powder of <x-AI 2 0 3 and La 2 0 3 was charged in a molibdenum crucible in a chamber, in which 
the atmospheric pressure was maintained at 10* 5 Torr and the crucible was heated by an induction coil to 1800 to 



9 



BNSDOCID: <EP 072291 9A1_I_> 



EP 0 722 919 A1 

iSc^r^n^^V" Subse " uen11 * bidirectional solidification was conducted by lowering 
the crucible at a speed of 50 mm/hour under the above atmospheric pressure to obtain a unidirectionally solidified body 
Fig. 1 1 shows scanning electron micrograph of the thus obtained solidified body in a section cut perpendicular to 
the d,recton of the solidtfication. In the photograph, the white portions are an LaAlO, nn™ and ^JZZZZSzJl 
an a-Ai 2 u 3 pnase. " 1 1 "■ ~ 

arv oh»2 *^? a c ted "? ^ C6ramiC com P osite of the solidified body does not include any colony or grain bound- 
ary phase, that pores or voids do not exist, and that a uniform structure is obtained 

tinn J^lT' V£™1 mr 3f on P atterns of tne ce ™™ composite obtained from the plane perpendicular to the direc- 

££2 'iS? ■ f rac, r r aks from a plura,ity of p,anes of and diffracti °" 

planes o LaAI0 3 were observed, demonstrating that the solidified body was a ceramic composite consisting o an Z 

SSSSSEffJSSSS UM ° 3 po,ycrys,al phase ' in which the LaA, ° 3 phase in - ^ 

vvasmeTr^^S^ 6 C6ramiC * ^ * Tab,e 10 ' where ,he three P«*« lending strength 

oTo^/cn? C6ram,C COmposite was ke P l at 1 600 ° C f ° r 50 hours and the increase in weight was 

Table 10 





Example 8 


Three point bending strength (MPa) 


750 



•5 Example 9 



An a-AI 2 0 3 powder and an Nd 2 0 3 powder in a molar ratio of 80.3% by mole of the former to 19 T>/ hv moio nt th* 

. the a^oShT m,X6d P ° Wder ° f Q - Al2 ° 3 and N , d2 ° 3 was *W in 3 molibdenum crucible n Ser fvS 
JSSSSSSSST!^ Wa !, maintained at 10 " 5 To " and the crucible was heated, by an inductton cSl to ?8^0 to 
teSr££h a I tZSST ,ir * Cr ^ ib ' e - a*"*"""* unidirectional solidification was conduct^ by loSng 
the crucible at a speed of 20 mm/hour, under the above atmospheric pressure, to obtain a unidirectionally solidifiS 

th. 5J 2 sca ™ ing electron Aerograph of the thus obtained solidified body in a section cut oemendicular to 

Ire an^^sT^' 0 "- *" Ph0t ° 9raPh ' ^ " a " ^ < 0 « PlS^SSSSK 

arv chase JSSI? 5? C ° mP ° Site ° f ,he SOlidtfied does not include ^ colony or grain bound- 

ary phase, that pores or voids do not exist, and that a uniform structure is obtained 8 

tinn 2^222^ d,f,ra ^L° n PattemS ° f 106 CeramiC com P° sit e obtained from the plane perpendicular to the direc- 

£Z%£2S?SZ i222°2 ^ ,r ° m 8 SP6CtfiC P ' ane ° f NdA '^°« and diffracti0 " »£- from 1 p ura?; of 
ESi o if? 3 wera , ol ? served - d emonstrating that the solidified body was a ceramic composite consisting ofan 
NdAlnCs single crystal phase and an AINd0 3 polycrystal phase ^ 01 311 

was ^ CefamiC mmPOS * e fe Sh0Wn " Tab ' e 1 1 ' Wh6re the three P° int bend ^ length 

Example 1p 

th. cES^ST SC ^" a electron t**ooraph of the thus obtained solidified body in a section cut perpendicular to 
Ire an r ^ , phL S e° ,,drflCat,0n - ** *» **** ^ S are an "™^> PhJ^iSSESSS 

arySr^^^ 
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Further, in X-ray diffraction patterns of the ceramic composite obtained from the plane perpendicular to the direc- 
tion of the solidification, diffraction peaks from a plurality of planes of NdAl^O^ and diffraction peaks from a plurality 
of planes of AINd0 3 were observed, demonstrating that the solidified body was a ceramic composite consisting of an 
NdAI^O^ polycrystal phase and an AINd0 3 polycrystal phase, wherein the NdAI^O^ phase in the form of fibers is 
5 uniformly dispersed in the AINd0 3 phase. 

The mechanical strength of the ceramic composite is shown in Table 1 1 , where the three point bending strength 
was measured at 1 700°C in air. 



Table 1 1 





Example 9 


Example 10 


Three point bending strength (MPa) 


800 


1000 



15 k, 

Example 11 

An a-AI 2 0 3 powder and an Eu 2 0 3 powder in a molar ratio of 71 .7% by mole of the former to 28.3% by mole of the 
20 latter were milled in a wet mill using ethanol. The obtained slurry was dried in a rotary evaporator to remove the ethanol. 
The obtained mixed powder of <x-AI 2 0 3 and EiigC^ was charged in a molibdenum crucible in a chamber, in which 
the atmospheric pressure was maintained at 10" 5 Torr, and the crucible was heated by an induction coil to 1750 to 
1850°C to melt the mixed powder in the crucible. Subsequently, unidirectional solidification was conducted by lowering 
the crucible at a speed of 20 mm/hour under the above atmospheric pressure to obtain a unidirectionally solidified body. 
25 Fig. 14 shows scanning electron micrograph of the thus obtained solidified body in a section cut perpendicular to 
the direction of the solidification. In the photograph, the white portions are an AIEu0 3 phase and the black portions are 
an EuAl^O-is phase. 

It was demonstrated that the ceramic composite of the solidified body does not include any colony or grain bound- 
ary phase, that pores or voids do not exist, and that a uniform structure is obtained. 
30 Further, in X-ray diffraction patterns of the ceramic composite obtained from the plane perpendicular to the direc- 
tion of the solidification, only a diffraction peak from a specific plane of AIEu0 3 and diffraction peaks from a plurality of 
planes of EuAl^O^ were observed, demonstrating that the solidified body was a ceramic composite consisting of an 
AIEu0 3 single crystal phase and an EuAI^O^ polycrystal phase. 

The mechanical strength of the ceramic composite is shown in Table 12, where the three point bending strength 
35 was measured at 1600°C in air. 

Example 12 

An a-AI 2 0 3 powder and a Pr 6 0 1 , powder in a molar ratio of 78.8% by mole of the former to 21 .2% by mole of the 
40 latter were milled in a wet mil! using ethanol. The obtained slurry was dried in a rotary evaporator to remove the ethanol. 
The obtained mixed powder of a-AI 2 0 3 and P^On was charged in a molibdenum crucible in a chamber, in which 
the atmospheric pressure was maintained at 10" 5 Torr, and the crucible was heated by an induction coil to 1900 to 
1950°C to melt the mixed powder in the crucible. Subsequently, unidirectional solidification was conducted by lowering 
the crucible at a speed of 20 mm/hour under the above atmospheric pressure to obtain a unidirectionally solidified body. 
45 Fig. 15 shows scanning electron micrograph of the thus obtained solidified body in a section cut perpendicular to 
the direction of the solidification. In the photograph, the white portions are a PrAI0 3 phase and the black portions are a 
PrAli jO-ia phase, both phases being a complex metal oxide. 

It was demonstrated that the ceramic composite of the solidified body does not include any colony or grain bound- 
ary phase, that pores or voids do not exist, and that a uniform structure is obtained. 
so Further, in X-ray diffraction patterns of the ceramic composite obtained from the plane perpendicular to the direc- 
tion of the solidification, only a diffraction peak from a specific plane of PrAI^O^ and diffraction peaks from a plurality 
of planes of PrAI0 3 were observed, demonstrating that the solidified body was a ceramic composite consisting of a 
PrAI^C^e single crystal phase and a PrAI0 3 polycrystal phase. 

The mechanical strength of the ceramic composite is shown in Table 12, where the three point bending strength 
55 was measured at 1 600°C in air. 
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Table 12 





Example 1 


Examnlp 19 


Three point bending strength (MPa) 


650 


700 



Example 13 



C omparative Exam ple 3 

rePK " ed ta " he , — " ln *• d -*" " as » — 

JZJ h f™" S(!a, " lln 9 d*"™" micrograph of the thus obtained solidified body eoneistino ol „ At r> =~i 
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Table 13 



Starting powders and their proportions (mo!e%) 


Phases constituting 
ceramic composite 


Results of X ray diffraction 


xA 


yB 






68% Al 2 0 3 


32% Si0 2 


a-AloOo 


single crystal 


3AI 2 0 3 *2Si0 2 


single crystal 


60% Y 2 0 3 


40% Al 2 0 3 


2Y 2 0 3 -AI 2 0 3 


single crystal 


3Y 2 0 3 -5AI 2 0 3 


single crystal 


78% NiO 


22% Y 2 0 3 


NiO 


single crystal 


Y 2 0 3 


single crystal 


80% TiQ 2 


20% Al 2 0 3 


a-AI 2 0 3 


single crystal 


Ti0 2 


single crystal 



20 



Table 14 



35 



Starting powders and their proportions (mole%) 


Phases constituting 
ceramic composite 


Results of X ray diffraction 


xA 


yB 






68% Al 2 0 3 


32% Si0 2 


a-AI 2 0 3 


polycrystal 


3AI 2 0 3 ■ 2Si0 2 


polycrystal 


60% Y 2 0 3 


40% Al 2 0 3 


2Y 2 0 3 -AI 2 0 3 


polycrystal 


3Y 2 0 3 • 5AI 2 0 3 


polycrystal 


78% NiO 


22% Y 2 0 3 


NiO 


polycrystal 


Y 2 0 3 


polycrystal 


80% Ti0 2 


20% Al 2 0 3 

i 


a-AI 2 0 3 


polycrystal 


Ti0 2 


polycrystal 



Example 14 

45 

An a-AI 2 0 3 powder and an Si0 2 powder in a molar ratio of 68.0% by mole of the former to 32.0% by mole of the 
latter were milled in a wet mill using ethanol. The obtained slurry was dried in a rotary evaporator to remove the ethanol. 

The obtained mixed powder of a-AI 2 0 3 and Si0 2 was charged in a molibdenum crucible in a chamber, in which the 
atmospheric pressure was maintained at 10" 2 Torr and the crucible was heated by an induction coil to 1950 to 2100°C 
so to melt the mixed powder in the crucible. Subsequently, unidirectional solidification was conducted by lowering the cru- 
cible at a speed of 60 mm/hour under the above atmospheric pressure to obtain a unidirectionally solidified body 

Fig. 18 shows scanning electron micrograph of the thus obtained solidified body in a section cut perpendicular to 
the direction of the solidification. In the photograph, the white portions are a 3AI 2 0 3 • 2AI 2 0 3 (mullite) phase and the 
dark portions are an a-AI 2 0 3 phase. 
55 It was demonstrated that the ceramic composite of the solidified body does not include any colony or grain bound- 
ary phase, that pores or voids do not exist, and that a uniform structure is obtained. 

Further, in X-ray diffraction patterns of the ceramic composite obtained from the plane perpendicular to the direc- 
tion of the solidification, only a diffraction peak from a specific plane of a-AI 2 0 3 and diffraction peaks from a plularity of 
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Khase 3 s A o? an ?3o T^T?' t™"™™" 9 that fhe SOlidified body was a cera ™ composite consisting of 
two pnases of an a-AI 2 0 3 single crystal phase and a 3AI 2 0 3 • 2Si0 2 single crystal phase 

^a^aU^T^J^^ C ° mP0Site iS Sh ° Wn in Tab ' e 13 ' where the three P° int bendi "° 

_ ! o 1 ' uu u m ar 9° n - ' ne ceramic composite was kept at 1 700°C for so hnnrc anrt +h* 
was u.uu3 g/cnV. ' •" 

In the same manner as above, starting powders of other metal oxides were prepared and unidirectionallv solidified 

f^h S f T* Ph3SeS " nd th6 r6SU,tS ° f X ray diffrattion of *• obtained s <» bodies are shownTn °S to 1 5 ?t was 
found that these were ceram,c composites had a uniform structure without any cotonies and grain bourZy phases 

Comparative Example 4. 

prJ^'SSSiJSK. 14 were repea,ed except that ,he pressure in the chamber was Chan ^ to — 

SAI^'JIioT^^ ° f the thUS 0btained so,idified ^n^sting of a-AI 2 0 3 and 

3AI 2 0 3 2Si0 2 in a secton cul perpend.cular to the direction of the solidification. It was demonstrated that the ceramir 
compete of ,he solidified body included colonies and grain boundary phases as well as pores 

tion «Z 1- PattemS ° f the C6ramic COmposite obtained ,rom plane perpendicular to the direc- 

Th 0 IClSf a T T amer a ! abOVe> Starting P0wders of other metal oxides w ere prepared and unidirectionallv solidified 

foun^h T P S eS ^ thS reSUltS ° f X ray diffraCtion of the bodies are shown ?SS to Te TwS 

found that these bod.es were ceramic composites which included co.onies and grain boundaries™^ pores 



Table 15 



Starting powders and their proportions (mole%) 


Phases constituting 


Results of X ray diffraction 






ceramic composite 


xA 


yB 






68% AI 2 Q 3 


32% Si0 2 


a-AI 2 0 3 


single crystal 






3AI 2 0 3 -2Si0 2 


polycrystal 


60%Y 2 O 3 


40% Al 2 0 3 


2Y 2 0 3 -AI 2 0 3 


single crystal 






3Y 2 0 3 -5AI 2 0 3 


polycrystal 


78% NiO 


\ 22% Y 2 0 3 


NiO 


single crystal 






Y 2 0 3 


polycrystal 


80% 770 2 


20% Al 2 0 3 


a-AI 2 0 3 


single crystal 






710 2 


polycrystal 
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Table 16 



Starting powders and their proportions (mole%) 


Phases constituting 
ceramic composite 


Results of X ray diffraction 


xA 


yB 






68% Al 2 0 3 


32% SiQ 2 


<x-AI 2 0 3 


polycrystal 


3AI 2 0 3 -2Si0 2 


polycrystal 


60% Y 2 0 3 


40% Al 2 0 3 


2Y 2 0 3 • Al 2 0 3 


polycrystal 


3Y 2 0 3 • 5AI 2 0 3 


polycrystal 


78% NiO 


22% Y 2 0 3 


NiO 


polycrystal 


Y 2 0 3 


polycrystal 


80% Ti0 2 


20% Al 2 0 3 


a-AI 2 0 3 


polycrystal 


Ti0 2 


polycrystal 



Example 15 

25 a-AI 2 0 3 powder and Si0 2 powder in a molar ratio of 68.0% by mole of the former to 32.0% by mole of the latter 
were milled in a wet mill using ethanol. The obtained slurry was dried in a rotary evaporator to remove the ethanol. 

The obtained mixed powder of a-AI 2 0 3 and Si0 2 was charged in a molibdenum crucible in a chamber, in which the 
atmospheric pressure was maintained at 10~ 2 Torr, and the crucible was heated by an induction coil to 1950 to 2100°C 
to melt the mixed powder in the crucible. Subsequently, unidirectional solidification was conducted by lowering the cru- 
30 cible at a speed of 220 mm/hour under the above atmospheric pressure to obtain a unidirectionally solidified body. 

Fig. 20 shows scanning electron micrograph of the thus obtained solidified body in a section cut perpendicular to 
the direction of the solidification. In the photograph, the white portions are a 3AI 2 0 3 • 2Si0 2 (mullite) phase and the dark 
portions are an a-AI 2 0 3 phase. 

It was demonstrated that the ceramic composite of the solidified body does not include any colony or grain bound- 
35 ary phase, that pores or voids do not exist, and that a uniform structure is obtained. 

Further, in X-ray diffraction patterns of the ceramic composite obtained from the plane perpendicular to the direc- 
tion of the solidification, diffraction peaks from a plurality of planes of a-AI 2 0 3 and diffraction peaks from a plurality of 
planes of 3AI 2 0 3 • 2Si0 2 were observed, demonstrating that the solidified body was a ceramic composite consisting of 
two phases of an a-AI 2 0 3 polycrystal phase and a 3AI 2 0 3 • 2Si0 2 polycrystal phase. 
40 The mechanical strength of the ceramic composite is shown in Table 17, where the three point bending strength 
was measured at 1850°C in argon. The ceramic composite was kept at 1700°C for 50 hours and the increase in weight 
was 0.003 g/cm 3 . 



Table 17 





Example 13 


Example 14 


Example 15 


Three point bending strength (MPa) 


400 


450 


550 



In the same manner as above, starting powders of other metal oxides were prepared and unidirectionally solidified. 
The constituent phases and the results of X ray diffraction of the solidified bodies are shown in Table 18. It was found 
that the solidified bodies were ceramic composites having a uniform structure without any colonies or grain boundary 
phases. 

Comparative Example 5 

The procedures of Example 15 were repeated except that the pressure in the chamber was changed to normal 
pressure (atmospheric pressure). 
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3AI S 9 :?ifr S S T" in9 6leCtr0n micr °S ra P h of the *us obtained solidified body consisting of ct-AI,0, and 
... Furiher - ,n X; ra y diffraction patterns of the ceramic comoosite obtained from th» ^ Mrn ^. . 



Table 18 



Starting powders and their proportions (mole%) 


Phases constituting 


Results of X ray diffraction 






ceramic composite 


xA 


yB 






68% Al 2 0 3 


32% Si0 2 


a-AI 2 0 3 


polycrystal 






3AI 2 0 3 -2Si0 2 


polycrystal 


60% Y 2 0 3 


40% Al 2 0 3 


2Y 2 0 3 -AI 2 0 3 


polycrystal 






3Y 2 0 3 -5AI 2 0 3 


polycrystal 


78% NiO 


' 22% Y 2 0 3 


NiO 


polycrystal 






Y 2 0 3 


polycrystal 


80% TiQ 2 


20% Al 2 0 3 


a-AI 2 0 3 


polycrystal 






Ti0 2 


polycrystal 



Example 16 



were "£&£TS^SSSSS Z SSXX^PJF* °' ^ to 49 6% * mole - tha 

The obtained mixed K«S?SSS was^, " 8 ST* • W,0r t£> rem ° ve the ethano1 - 

atmospheric pr essure JSi^.S^??^^*^ ,n a ™ hbdenum C ™W* in a chamber, in which the 

to melt the mfxed poW?nX S fiSJSLSS WaS heated b/ *" induction coil to 1950 to 21 °°°C 

was 0.003 g/cm 3 . Further the fracture taunhneee «, «Z ^ 700 C for 50 hours and the increase in weight 

by the IF method, to be a high Sue ol SKl * ** Ceram ' C C ° mP ° Site "» meaSured ' at room a'nd 
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Table 19 





Example 16 


Three point bending strength (MPa) 


700 



10 Claims 

1 . A ceramic composite of a solidified body consisting of at least two crystal phases of oxides selected from the group 
consisting of metal oxides and complex metal oxides, except that said at least two oxides are not a combination of 
aluminum oxide (Al 2 0 3 ) and a complex oxide (ittrium aluminum garnet) of aluminum oxide (Al 2 0 3 ) and yttrium 

75 oxide (Y 2 0 3 ). * 

2. A ceramic composite according to claim 1 , wherein said solidified body does not have colonies and pores. 

3. A ceramic composite according to claim 2, wherein said solidified body does not include boundary phases com- 
20 prised of a composition other than said oxides of said at least two crystal phases. 

4. A ceramic composite according to claim 1 , wherein each of said at least two crystal phases of oxides is present as 
a single crystal in the sense that it is a crystal but does not constitute a polycrystaL 

25 5. A ceramic composite according to claim 1, wherein at least one of said at least two crystal phases of oxides is 
present as a single crystal in the sense that it is a crystal but does not constitute a polycrystaL 

6. A ceramic composite according to claim 1 , wherein each of said at least two crystal phases of oxides is present as 
a polycrystaL 

30 

7. A ceramic composite according to claim 1 , wherein at least one of said at least two crystal phases of oxides con- 
stitutes a three dimensionally continuous phase. 

8. A ceramic composite according to claim 1 , wherein each of said at least two crystal phases of oxides constitutes a 
35 three dimentional ly continuous phase. 

9. A ceramic composite according to claim 1, wherein the metal constituting each of said oxides of said at least two 
crystal phases is a metal selected from the group consisting of Al, Mg, Si, Ti f Zr, Ca, Ba, Be, Fe, Mn, Co, Nb, Ta, 
Cr, Sr, Zn, Ni, Li, Ga, Hf, Th, U, Sn and rare each elements. 

40 1 : . 

1 0. A ceramic composite according to claim 1 , wherein said oxides of said at least two crystal phases are selected from 
the group consisting of aluminum oxide and composite oxides made of aluminum oxide, rare each element oxides, 
and a rare earth element oxide. 

45 1 1 . A ceramic composite according to claim 10, wherein at least one of said oxides of said at least two crystal phases 
is an oxide having perovskite structure.- 

12. A ceramic composite according to claim 10, wherein at least one of said oxide of said at least two crystal phases 
is an oxide having garnet structure. 

50 

13. A ceramic composite according to claim 1 . wherein said solidified body consists of aluminum oxide and a complex 
oxide (3AI 2 0 3 • 2SiOa) of aluminum oxide (Al 2 0 3 ) and silicon oxide (Si0 2 ). 

14. A ceramic composite according to claim 1 , wherein said solidified body consists of aluminum oxide (AJ 2 0 5 ) and zir- 
55 conium oxide (Sr0 2 ). 
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Fig. 3 
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Fig. 4 
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Fig. 5 
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Fig. 6 
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Fig. 11 
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Fig. 14 
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Fig. 15 
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Fig. 18 
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Fig. 19 
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Fig. 21 
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